The biocompatibility and similarity of hydroxyapatite (HA) to the mineral composition of the bone has made HA a potential candidate in bone tissue engineering (BTE). Over the past few decades, its application as bone graft in combination with stem cells has gained much importance. The use of bone marrow-derived mesenchymal stromal cells (MSCs) will enhance the rate and quality of defect repair. However, application of hydroxyapatite as a material to develop a 3-dimension scaffold or carrier to support MSCs in vitro is still in its infant stage. This review will discuss the source, manufacturing methods and advantages of using HA scaffolds in bone tissue engineering applications.
Introduction
The use of three-dimensional (3D) scaffold has been commonly accepted as an essential constituent in bone tissue engineering (1) . At such, various types of scaffolds such as natural, synthetic, or a combination of both have been developed, and numerous materials have been introduced as potential materials for developing these scaffolds. Hydroxyapatite (HA), a predominant mineral component found in bones and coral, has been widely used as bone graft since the 1960s and could be a potential candidate for bone tissue engineering (2) . Due to its osteoconductivity, biocompatibility and biodegradability, HA has been highly favored in surgical reconstruction of bones (3) . In addition, bone implants such as titanium and titanium alloys have been coated with HA to enhance osteointegration with the host tissue (4) . Later, studies on the application of HA as a scaffold for cell-based therapy have been carried out. It has been described that for the development of a successful scaffold, a 3D interconnected porous structure is necessary to allow cell attachment, proliferation and differentiation. Whilst this remains true, the use of HA in BTE has not been forthcoming owing to the high cost involved in producing the final product. This review discusses the use of HA scaffold in BTE, including my current research on the development of HA scaffold. Using a novel thermal calcination technique we demonstrated that HA in the form of porous biomaterial can be produced inexpensively with bovine bone that is readily available in abundance (5, 6) . We further tested the efficacy and biocompatibility of this material and we showed significant increased in the proliferation and differentiation of human bone marrow-derived mesenchymal stromal cells (hBMSCs) in a bovine-derived HA (BDHA) (Fig.1) scaffold that was produced using a novel thermal calcination method (6) , supporting the fact that BDHA produced using our method improves MSC proliferation. 
Problems in treating critical bone defects
The management of critical-sized bone defects such as those caused by trauma and bone resection pose a substantial clinical challenge in orthopaedic surgery (7, 8) .
Critical bone defects, being referred to a bone discontinuity that will not heal spontaneously and will require secondary intervention (9), occur mainly due to inadequate blood supply. It is possible that during trauma and surgical disruption and also instability at the fracture site, leads to the formation of delayed or non-union bones (10) . These critical bone defects, which are subjected to several factors, have increased risk of non-union of the bone. These factors may include poor blood supply, infection and/or extensive soft tissue damage, bone gap or fracture comminution and inadequate fracture fixation (11) . Consequently, several treatments have been used for decades to overcome these complications. Internal plate fixation and intramedullary nailing are the recommended surgical treatments for patients with these injuries. Despite sufficient stability offered by the technique, several problems such as vascular damages, soft tissue detachment and periosteal debridement have yet to be resolved (10, 12) . Hence, external fixators such simple or circular types have been developed based on the principles described by Ilizarov with the aim to stabilize the affected non-unions. Results of the technique employed have demonstrated good outcomes (13, 14) . However, distraction osteogenesis and bone transport exhibited some technical hitches, which require proper surgical training and specific set of skills (10) . Reliability of internal and external fixation in treating critical bone defects were further enhanced with the use of bone graft materials. The incorporation of autografts in defect sites using internal and external fixation techniques has shown excellent vascularity and bony ingrowth within the host tissue. However, the use of autograft possesses several disadvantages such as limited availability and patient site morbidity. To overcome this issue, allograft was introduced as an alternative to autograft (14) .
Tissue engineering was introduced in the early 1990s to address the limitations of tissue grafting. This technique involves the combination of cells, scaffolds and biomolecules to develop functional substitutes (16) . Thereafter, various scaffolds based on calcium and phosphate compound were developed as bone-graft substitutes. Moreover, these scaffolds have further evolved by the use of cells with osteogenic potential to enhance the guided-tissue regeneration (17) . The use of cells-scaffold constructs incorporation in critical bone defects appears to create similar scenarios to that of natural bone healing process.
Bone grafts as a scaffolding material The concept of osteoconduction and osteoinduction in scaffolds
Scaffolds proposed for BTE should possess osteoconductive and osteoinductive properties. The term osteoconductive is defined as the ability of the bone to grow on the contacted surface. In another scenario where if porous scaffolds are exposed to bone tissue, the scaffolds should be able to permit cell contact and grow into the scaffolds (18) . Cornel and colleagues have suggested that when osteoconductive scaffolds are placed in an osseous environment, living tissues from the host bed will migrate into the scaffold and eventually induce new bone formation and incorporation of that structure (19) . This leads to a strong fixation of implanted scaffolds with the host osseous surfaces which has been clearly illustrated by Nouri and co-researchers (20) . For the past few decades, autograft and allograft have been widely used in critical bone defects due to their excellent osteoconductive properties (21, 22) . However, owing to the limited supply of autograft and potential disease transmission of allograft, ceramics-based materials have been employed more widely. Hydroxyapatite and tri-calcium ceramic materials are the most widely used ceramic materials in orthopaedic applications. These materials are frequently used as a coating body for metal implants to enhance osteoconduction of the metal surface to the host osseous environment (23, 24 
Hydroxyapatite-based bone graft substitutes

Advantages of hydroxyapatite
Hydroxyapatite (HA) has a molecular formula of Ca 10 (PO 4 ) 6 (OH) 2 . It is a member of the calcium phosphate group with 1.67 stoichiometric of Ca/P ratio (29) . HA has been used widely as a bone graft substitute to treat critical bone defects since many decades ago (30, 31) . The primary reason for this is because HA mimics the crystalline phase of natural bone. Since 1970s, HA has been used either in blocks or as granules in multidisciplinary field such in orthopaedic and craniofacial surgery (32) . During the 1970s, the real role of HA was not clearly understood. The ultimate goal in the 1970s was to just treat bone defects with autograft or allograft substitutes to enhance bone healing. Then, the outstanding outcome of HA in bone healing had encouraged researchers to gain further understanding into the role of the implant-tissue interphase between HA and host bone tissue. Since then, material-tissue interphase was extensively studied. A strong fixation between implant-tissue interphase is the first step to determine the success of an implant into the fracture site. This implant has been shown to possess bioactive surface, thus it can elicit a specific biological response at the interphase of the material, which results in the formation of a bond between the tissue and the material (33) . This phenomenon is also known as biological fixation of the material to the host tissue. HA has been proven in many studies that its chemical composition can create an environment compatible for bone ingrowth (34) . It also further elaborated as a class B osteoconductive material because it provides biocompatible interphase along which permits bone cells migration (35) . Besides, HA is regarded as a biocompatible material because it tends to integrate well into host tissue without eliciting an immune response (36) . Another advantage of HA is that it can be used as a raw material in a powder form as bone filler during small fracture or can be fabricated into 3-D scaffolds to treat large bone defects. The excellent biocompatibility of HA would suggest HA as a possible first choice in bone fracture reconstruction (37) . However, despite its excellent biocompatibility, HA has inherently poor intrinsic biomechanical properties, weak tensile strength and inherent brittleness. These limit the application of HA as a high load-bearing material which necessitates the need for external or internal fixators when used clinically (37, 38) . Although the initial toughness of this HA scaffold is an issue, over time, the pure HA scaffold provides an ideal template for bone ingrowth, thus resulting in creeping substitution i.e. replacement of grafted HA scaffold with that of natural tissues. Furthermore, some studies have proven the notion that, the process of bone regeneration is initiated with the secretion of collagen by osteoid at a continuous rate. Over time, this material will compress and eventually improve the toughness of the newly formed bone (37, 39) .
Manufacturing methods of hydroxyapatite
Porous HA can be prepared either from natural or synthetic sources. Various fabrication methods are available to produce porous HA (40) (41) (42) . The coralline-based porous HA can be produced by the aforementioned method. These scaffolds possess a vast range of pore size between 200 to 500 µm. In another method, starch suspension is mixed with HA powder and burned at 800°C to produce an interconnected porous scaffold. This method is known as starch consolidation where porous HA scaffolds can be produced using natural or synthetic HA. Later, gelcasting polymer sponge method was introduced by Ramay and partners. This method produced a uniform and interconnected HA scaffolds with a pore size between 200 to 400 µm (43) . Another common method to produce porous HA scaffolds from synthetic HA is the slurry foaming method. This method has been employed to produce a porous scaffold with porosity around 30 to 40 % and pore size between 100 to 500 µm. In our study, a novel thermal calcination technique was used to produce BDHA scaffold (6) and the preliminary study demonstrated that the material produced using this technique not only possess the desired quality but can be produced at a lower cost, larger quantities and without the use of harmful chemical. Micro-computer tomography images of porous BDHA are shown in figure 2 A and B. 
Sources of hydroxyapatite
HA can be synthesized from natural or synthetic derivatives. A common natural HA is derived from marine coral. This coral-based HA has a natural structure to the cancellous bone and the chemical composition of HA of coral is similar to that of natural bone. They can be produced via hydrothermal conversion of calcium carbonate skeleton of coral into calcium phosphate HA (44) . Another source of HA is through the direct conversion of human cancellous bone into calcium phosphate HA via hydrothermal process (45) . HA can also be produced from bovine bone by de-fatting continued calcination at 900°C using hydrothermal process (5) .The synthetic HA can be produced from chemical reaction of calcium and phosphate elements via chemical precipitation method. Calcium nitrate and di-ammoium hydrogen phosphate salts have been precipitated from the aqueous solutions to produce pure synthetic HA powder (46) . Another similar precipitation method employed by
Bouyer and partners to produce synthetic HA using calcium hydroxide and orthophosphoric acid (47) . Sol-gel method is another way to produce pure synthetic HA using calcium and phosphorus at molecular level (48) . The production of porous scaffold using natural and synthetically-derived HA will be discussed in later sections.
Issues of HA in clinical applications
There are several issues related to HA in clinical application. In comparison to class A biomaterials such as bioactive glasses and ceramic glasses, the rate of bone bonding with HA after implantation is relatively low (49) . Therefore, the recovery time of patients is fairly long. The synthetic HA bone graft substitutes fabricated using chemical process may also elicit immune reaction in the body. Cost of scaffolds manufacturing would be another issue in clinical application. Due to the exorbitant cost involved in the production techniques and expensive raw material, costeffective manufacturing techniques have become a major issue for the use of HA in clinical applications (50) .
Advances in hydroxyapatite development to enhance bone healing
The application of bone graft substitutes in critical bone defects has further evolved in tissue engineering with the advent of using cell, scaffold and various growth molecules (51) . HA has always been regarded as an exclusive osteoconductive material (52) . With the emergence of cellbased therapy, this has changed the paradigm of HA from being osteoconductive only into osteoinductive material. This has been achieved through the introduction of cells or growth factors into the HA scaffolds. For instance, biological properties of HA can be improved by doping small amount of elements such as growth factors, found in physiological bone (53) . These constructs influence dissolution rate of apatite and have induced the proliferation of human osteoblast-like cells in vitro. This process may encourage osteointegration of implant to the osseous environment. Such notion has been proven via many clinical studies where implanted cell-HA construct has improved the bone healing in critical size defects (54) . In our in vitro study, we have demonstrated that BDHA which has been loaded with MSCs showed significant increased in cell proliferation as compared to monolayer control (6) .
Summary
This review paper described the potential use of HA underpinned its scaffolding or carrier properties for mesenchymal stromal cell in bone tissue engineering. Various manufacturing methods have been introduced to produce the most functional HA scaffold, yet the one that endows all the ideal quality in human bone reconstruction has not materialized. Therefore, there remain rooms for the development of this material in the advancement of bone tissue engineering. The porous BDHA scaffold introduced in the present study provides the fundamental steps to evaluate the biological properties of the scaffold such as cell proliferation and osteogenic potential of future ceramics based scaffolds. However, in vivo study to demonstrate cell proliferation and osteogenic potential of scaffold is highly imperative.
